Transfer ribonucleic acids were isolated from mitochondria of bovine heart and aminoacylated in vj.tro by a crude mitochondrial enzyme. Ser-tRNA. ",. and Ser-tRNA. "., were isolated and characterized by partial sequencing. Although these tRNAs possess unique structural features not found in any bacterial tRNA, they form a ternary complex with elongation factor from the extreme thermophilic bacterium Thermus thermophilus and GTP.
INTRODUCTION
Bacterial elongation factor Tu (EF-Tu) or eukaryotic elongation factor 1 complexed with GTP bind specifically only aminoacyl-tRNA to form ternary complexes. Peptidyl-tRNAs or nonaminoacylated tRNAs interact only weakly with these elongation factors (1) . The formation of the ternary complexes is, however, not dependent only on the presence of an aminoacyl residue on the 3'-end of tRNA. The side chain of the attached amino acid (2, 3) , and the sequence of the tRNA (4) have a remarkable influence on the strength of the interaction as well. The effect of the tRNA sequence on ternary complex formation has been clearly demonstrated by measurement of the dissociation constants of initiator Met-tRNA fMet and elongator Het-tRNA mMet for their interactions with EF-Tu from E• coli (4) . The former binds with about 100 fold lower affinity as compared to the elongator tRNA . A single base replacement in the aminoacyl stem of the initiator tRNA leads, however, to elimination of this difference (5) . The footprinting studies on the aminoacyl-tRNA EF-Tu-GTP ternary complexes suggest the involvement of the aminoacyl stem and T-stem of the tRNA in the interaction with the protein (6, 7) . The study of the minimal chain length of the aminoacylated viral RNA, revealed the importance of the aminoacyl domain composed of aminoacyl-and T-stem, for the interaction with EF-Tu-GTP (8) .
In the present study we investigated the ability of mammalian mitochondrial tRNA (mt tRNA) to interact with the bacterial elongation factor Tu. Especially the serine specific tRNAs from msmmals (9, 10, 11) and insects (12, 13) contain unusual features not present in the tRNA sequences from any other source. For instance, the gene of the bovine mt tRNA..p,, lacks the two termi-S © r nal base pairs, 1-72 and 2-71, and the mt tRNA, G y is lacking the whole D-loop and in contrast to usual seven nucleotides has eight nucleotides in the T-loop.
MATERIALS AND METHODS
Pyruvate kinase (EC 2.7. 
Mitochondria
were isolated from fresh bovine hearts by differential centrifugation as described by Smith (14) . Homogenization-centrifugation step was repeated four times in order to minimize the contamination of mitochondria with cytoplasmic components. The mitochondria were frozen in liquid nitrogen and stored at -20 °C. Isolation of tRNA from mitochondria Mitochondrial pellets were suspended in buffer containing 50 mM sodium acetate, pH 4.8, 10 mM magnesium acetate, 0.5 mM ethylendiaminetetraacetic acid (EDTA), 1 M NaCl and 1.2 % diethylpyrocarbonate and incubated for 10 minutes at room temperature in the presence of 1 S sodium dodecyl sulfate. The suspension was extracted three times with sodium acetate-saturated phenol and once with phenol/chloroform/iso-amylalcohol (25:24:1; v/v/v). tRNA was further purified by absorption on a DEAE-Cellulose equilibrated with 140 mM sodium acetate pH 4.5. The column was washed until the A-,., of the effluent approached 0.05. The tRNA was eluted with the same buffer containing 1 M NaCl and precipitated with ethanol at -20 °C.
Preparation of crude aroinoacyl-tRNA synthetases Hitochondrial pellets were suspended in 100 mM Tris(hydroxymethyDaminomethane (Tris) /HC1, pH 7.8, 10 mM KC1, 10 mM MgCl 2 , 6 mM S-mercaptoethanol and sonicated in ice with a Branson sonifier with 10 bursts as described by Lynch and Attardi (15) . The suspension was centrifuged for two hours at 100000 x g in a fixed-angle T 865 Sorvall Rotor. The proteins in the supernatant were concentrated by precipitation with ammonium sulfate (70 % saturation), dialysed against the buffer given above and stored in the same buffer containing 50 % glycerol at -20 °C.
Crude cytoplasmic enzyme was prepared from postmitochondrial supernatant by centrifugation at 100000 x g for 2 hours. Cytoplasmic proteins were concentrated by ammonium sulfate precipitation followed by dialysis as given above.
Aminoacylation of tRNAs
In order to hydrolyze the aminoacyl ester bond of endogenous aminoacyl-tRNAs the tRNA bulk was treated with Cu 2+ -ions (16) . The incubation mixture contained 32.5 mM CuSO., 100 mM Tris/HCl pH 7.6 and 300 jiM tRNA. After incubation for 10 min at 37 °C, the reaction mixture was passed through a 1 ml Chelex 100 (Biorad, Munchen, FRG) column, equilibrated with 100 mM magnesium acetate. The tRNA was isolated from the eluate by ethanol precipitation. The aminoacylation mixture contained 50 mM N-(2-hydroxyethyl )piperazine-N'-2-ethane-sulfonic acid (HEPES), pH 7. For identification of the mitochondrial serine isoacceptors by gel electrophoresis, the aminoacyl ester bond of the aminoacyl-tRNAs had to be stabilized by nitrous acid treatment (17) . The aminoacylation mixture was incubated with two volumes of 2 M nitrous acid in 250 mM sodium acetate pH 4.3, 10 mM magnesium acetate, at 24 C for 30 minutes. The tRNA was fractionated by electrophoresis on 10 % polyacrylamide gels with 8 M urea at 13.5 V/cm for 12-15 hours. The running buffer contained 89 mM boric acid, 89 mM Tris and 2.5 mM EDTA. Gels were stained with ethidium bromide, photographed and prepared for fluorography by soaking in Amplify as described by the manufacturer. The dried gels were exposed to a X-ray film for 2-4 weeks. Immobilization of elongation factor Tu from Thermus thermophilus and affinity chromatoqraphy of mitochondrial Ser-tRNA EF-Tu from Thermus thermophilus was prepared according to Gulewicz et al. (18) isoacceptors were eluted from the gel by diffusion in a buffer consisting of 500 mM ammonium acetate pH 8.0, 0.1 mM EDTA and 0.1 % SDS. The tRNAs were ethanol precipitated and washed three times with 70 % ethanol. The Tl nuclease reaction was carried out in a buffer containing 20 mM sodium citrate pH 5.0, 1 mM EDTA, 7 M urea, 0.025 % xylene cyanol , 0.05 % bromophenol blue and 1 mg/ml carrier-tRNA. The reaction was started by addition of 0.04 units of nuclease Tl per |ig tRNA and was carried out at 55 C for 14 minutes. The reaction was stopped by cooling to -60 C. The probes were loaded on a 12 % polyacrylamide sequencing gel containing 7 M urea, 50 mH Tris, 50 mM boric acid and 1 mM EDTA.
RESULTS
RNA isolated from bovine mitochondria was aminoacylated in vitro using crude mitochondrial enzyme preparation. The extent of aminoacylation with different amino acids was variable (Table  1) . While in some cases charging of 2-5 S of the total bulk tRNA was observed (arginine, leucine, serine), other amino acids e.g. isoleucine, proline and tyrosine could not be enzymatically attached to the bulk mt tRNA. Although different conditions as Tflblo 1_: Aminoacy la t ion or mi tochondria 1 tRNAa using nitochondrial S100 supernatant. well as tRNA and enzyme preparations Mere tested, we did not succeed in our attempts to explain this observation. Apparently, the in vitro mitochondrial system is very sensitive and some of its components do not retain their biological activity during the isolation.
In order to exclude contamination of the mitochondrial tRNA with cytoplasmic species, we tested the heterologous aminoacyla-5 e r tion of mitochondrial tRNA with cytoplasmic synthetase and vice versa. The aminoacyl-tRNA was treated after aminoacylation with nitrous acid to stabilize the aminoacyl eater bond and identified by electrophoresis and autoradiography. Results are shown in Fig. 1 . The presence of the slow-moving apecie8 in the autoradiogramm (lanes a,d) is indicative of the charged cytoplasSer UCN nucleotides (20) . The fast moving species in lane c belongs to mitochondrial tRNA," which has only 63 nucleotides (10, 11) . (21) . Lane d in Fig. 1 also Ser reveals the aminoacylation of cytoplasmic tRNAs present on the mitochondrial tRNA preparation. Nevertheless, since there is no heterologous aminoacylation of mt tRNAs with cytoplasmic, enzyms this system can be used for the investigation of the biological activity of raitochondrial Ser-tRNAs.
In The autoradiography of the same gel (lane b) reveals three spots. The fastest moving species was reported to be the mt tRNA (10) . We confirmed the sequence of this tRNA (data not shown). Due to the high backround of other tRNAs on the gel, the complete sequencing of the two slower moving spots was not performed. The partial Tl ribonulease digest of the slow moving tRNA labelled at the 3'-end with [ H]serine, allows its assignment as the product of the mt tRNA^Jj gene (9); see Fig. 4 . The tRNA of intermediate mobility appearing on the autoradiogram was not identified. Most probably this tRNA is an artefact caused by the nitrous acid treatment of the tRNA mixture before it was applied on the gel. It is known that nitrous acid can lead to crosslinking in nucleic acids (22) which in turn could cause an altered mobility during electrophoresis. The possibility of the mi8charging by serine or the existence of an additional mt tRNA can not be, however, completely excluded. Ser
Interaction of Ser-tRNA isoacceptors with bacterial elongation factor Tu was identified by affinity chromatography.
Stable EF-Tu from Thermus thermophilus, immobilized on a Sepha- rose column, was used as an affinity matrix.
[ H]Ser-tRNA remains bound, almost completely, to the column whereas nonaminoacylated tRNAs were found in the eluant (Fig. 3) . Increase . As demonstrated by gel electrophoresis of the high-salt fraction (Fig. 3) all three serine isoacceptors which were present in the tRNA u ( Fig. 3) are retained by the immobilized EF-Tu-GTP. These [ H]Ser-tRNAs were unequivocally identified as mitochondrial species by Tl nuclease digest (Fig.  4) . Positions of guanosine residues correspond to the sequence of mt tRNA^" (lane a), and mt tRNAp," (lane c) Since the radioactive label is attached to the 3'-end, the degradation leading to increased mobility could occour only on the 5'-end, thus destroying the arainoacyl stem. Such tRNA, however, would not interact with EFTu.GTP (8) . The possibility that this Ser-tRNA Ser is related to and was formed during nitrous acid treatment is more likely. The result of the ribonuclease digest analysis (Fig. 4) supports this suggestion.
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DISCUSSION
In this work we demonstrate the in vitro aminoacylation of beef mitochondrial tRNAs with mitochondrial aminoacyl-tRNA synthetases and the interaction of beef mitochondrial Ser-tRNA with bacterial protein elongation factor Tu-GTP complex.
Mitochondrial Ser-tRNA synthetase from beef is specific only for mt tRNA and did not aminoacylate the major cytoplasmic species. Ueda et al. (23) reported a low level of aminoacylation Se r of mt tRNA._ Y with cytoplasmic enzyme. We could confirm the suggestion of these authors that the cross reaction must be due to contamination of cytoplasmic enzyme by mitochondrial synthetase. In contrast to previous reports (24) our results suggest a high specificity of mitochondrial enzyme for homologous mt tRNAs. The cytoplasmic major isoacceptors of tRNA were not aminoacylable with mitochondrial enzyme. A minor tRNA which possesses activity in the heterologous reaction could not be identified. Similar situation was observed for the yeast system under the same conditions as used by us (25) .
Protein elongation factor Tu mediates the transport of aminoacyl-tRNAs to the ribosomal A-site. There is no information available on the existence of an equivalent factor in mammalian mitochondrion. In yeast the mitochondrial EF-Tu was identified and shown to be functionaly similar to the bacterial species since it stimulates the translation of poly(U)in E. coli in vitro translation system (26) . The sequence of the gene of yeast mt EFTu was determined (27) and was shown to be partially homologous with E. coli EF-Tu. Since mitochondrial tRNA from loner eukaryots possess invariant features in their primary and secondary Even more remarkable is the unusual structure of beef mitochondrial tRNA.py. This tRNA completely lacks the D-loop, and the invariable nucleotides G53-C61, U (or V) 55, C56. In addition, it has an eight-membered T-loop and an extra base in the anticodon stem (Fig. 5 ). This tRNA Ser interacts with EF-Tu-GTP indicating that the D-loop as well as the structure of the T-loopa are not essential for the ternary complex formation. This observation is in good agreement with a recent report in which the aminoacylated RNA isolated from turnip yellow mosaic virus (TYMU) was investigated for its interaction with bacterial EF-Tu-GTP (8) . In this case, the minimal length of the interacting RNA was identified as the so called aminoacyl domain (aminoacyl stem, Tstem and T-loop) of the tRNA. The aminoacyl domain is also intact Ser in Ser-tRNA.p Y . In addition, the present report indicates the indispensability of the T-loop sequence for the ternary complex formation. This region of the tRNA was suggested as a potential site for interaction with ribosomal RNA (31, 32) . In agreement with this hypothesis, the elongation factor Tu does not require a specific sequence of this region probably leaving it free during the binding to fullfil other functions in the translation. Preliminary results from our laboratory show that the ternary complexes consisting of mitochondrial aminoacy1-tRNA and bacterial EF-Tu-GTP are strong inhibitors of the bacterial in vitro translation. Therefore, main differences due to the unusual structure of the mammalian mt aa-tRNAs have to be expected in respect to the ribosomal interactions.
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